Mice with homozygous inactivation of the gene encoding the suppressor of cytokine signaling-1 (SOCS-1) protein die within 21 days of birth with low body weight, fatty degeneration and necrosis of the liver, infiltration of the lung, pancreas, heart and skin by macrophages and granulocytes and a profound depletion of T-and B-lymphocytes. In the present study, SOCS-1 −/− mice were found to have a moderate neutrophilia, and reduced platelet and hematocrit levels. 
Introduction
The suppressor of cytokine signaling-1 (SOCS-1) gene was detected and cloned on the basis of the capacity of the SOCS-1 protein, when overexpressed, to render M1 myelomonocytic leukemic cells unresponsive to clonal suppression or maturation induction by interleukin-6, oncostatin-M, leukemia inhibitory factor or interferon-gamma (IFN-␥). 1 When overexpressed in M1 cells, the SOCS-1 protein impairs the ligandinduced phosphorylation of the gp130 receptor chain, JAK1 and STAT3 [1] [2] [3] and, possibly in this manner, interferes with the various signaling cascades occurring following binding of members of this group of regulators to their receptors.
In adult mice, SOCS-1 mRNA was found to be expressed in the thymus, testis, lung and spleen but transcription was highly inducible in liver cells by the in vivo injection of IL-6 and in bone marrow cells by a short in vitro exposure to GM-CSF or IL-3 but not M-CSF. 1 The possible function of SOCS-1 protein in normal mice was explored by generating mice with inactivation of the SOCS-1 gene. Heterozygous SOCS-1 +/− mice exhibit no obvious abnormalities. However, homozygous SOCS-1 −/− mice, although born apparently healthy and at the expected Mendelian ratio, fail to increase in size at a normal rate and die within 3 weeks of birth. 4, 5 Moribund SOCS-1 −/− mice exhibit fatty degeneration of the liver, often with necrosis and extensive infiltration by monocytes and granulocytes. 4 There is also a marked reduction in thymus size and a profound deficiency of B-lymphocytes in the marrow, spleen and blood. In addition, the pancreas is edematous and infiltrated by monocytes, the skin, heart and lungs show varying degrees of monocyte and granulocyte infiltration and the kidney exhibits retardation of glomerular and tubular development.
Possible explanations for this syndrome include either (1) a series of primary defects in various parenchymal populations, such as in the liver and pancreas, with reactive infiltration by macrophages and granulocytes, or (2) that at least some of the tissue abnormalities are secondary to the aberrant behavior of macrophage and granulocyte populations.
The present studies were undertaken to analyze the hematopoietic populations in SOCS-1 −/− mice and to determine whether they exhibit abnormal responsiveness to regulator stimulation because of absence of the possible modulating effects of the SOCS-1 protein.
Materials and methods

Mice
The generation of mice with homozygous inactivation of the SOCS-1 gene (−/− mice) has been described elsewhere. 4 For the present experiments, SOCS-1 −/− mice were produced by mating heterozygous +/− mice and the +/+ and +/− offspring also produced by this intermating served as littermate control mice. The genotype of each mouse was established by Southern analysis of tail DNA. 4 Mice were bred and housed under clean animal room conditions that were not specific pathogen-free.
SOCS-1 −/− mice become identifiable by their small size and dry, scaly skin after the first week of life and have died by day 21-22. The present experiments were therefore performed on mice aged 7-20 days at varying stages of their clinical illness.
Hematological and other examinations
Mice were bled either by decapitation or from the orbital plexus under penthrane anesthesia, according to age and body size. White cell, platelet and hematocrit estimations were performed manually and blood films were stained with May-Grü nwald-Giemsa stain before performing differential counts.
The weights of the body, thymus, spleen and liver were determined as were total cell counts from a pool of both femur marrow populations. Dispersed cell suspensions were prepared from marrow, spleen and liver and viable cell counts performed using eosin exclusion. Cytocentrifuged preparations of these suspensions were stained with May-Grü nwald-Giemsa.
For verification purposes, sections were prepared from all mice of the brain, eyes, salivary glands, thymus, lung, heart, skeletal muscle, sternum, liver, spleen, pancreas, kidneys, small bowel, bladder and skin. All routine sections were stained with hematoxylin and eosin.
Agar cultures
All cultures were performed in 35 mm petri dishes containing 25 000 cells in 1 ml of Dulbecco's modified Eagle's medium with a final concentration of 20% newborn calf serum and 0.3% agar. 6 Stimulation of colony formation was achieved by adding 0.1 ml of stimulus to the culture dishes before addition of the cell suspension in agar-medium. After thorough mixing, the cultures were allowed to gel then incubated for 7 days in a fully humidified atmosphere of 10% CO 2 in air. Initial colony counts were performed on the unstained cultures at ×35 magnifications using an Olympus (Tokyo, Japan) stereozoom dissection microscope. All cultures were then fixed for 4 h by adding 1 ml of 2.5% glutaraldehyde. The intact cultures were floated on to glass slides, allowed to dry and stained in sequence for acetylcholinesterase, then with Luxol Fast Blue and finally hematoxylin. 6 The cultures were mounted under coverslips then final colony counts performed on the entire culture at ×60, ×120 or ×240 magnifications.
Stimuli
The final concentrations of stimuli routinely used in the cultures were: purified recombinant murine GM-CSF (10 ng/ml), M-CSF (10 ng/ml), Multi-CSF (IL-3) (10 ng/ml), stem cell factor (SCF) (100 ng/ml) and IL-6 (100 ng/ml), all produced and purified in this laboratory, or purified recombinant human G-CSF (10 ng/ml) (Amgen, Thousand Oaks, CA, USA). Purified recombinant murine IFN-␥ (20 ng/ml) was purchased from Genentech (San Francisco, CA, USA).
FACS analysis and fractionation
The inactivation strategy used to generate SOCS-1 −/− mice also involved insertion of the E. coli lac-Z reporter gene into the deleted region of the SOCS-1 gene. Transcription of the lac-Z reporter gene under the control of the SOCS-1 control elements was monitored by determining ␤-galactosidase expression (FACS-Gal analysis) as described previously. 7 FACS sorting of stained marrow populations derived three subpopulations with high, intermediate or no staining. Cytocentrifuge preparations were made and agar cultures performed using these three subpopulations.
Results
All observations were performed on SOCS-1 −/− and littermate control +/− or +/+ mice aged between 7 and 20 days. Because SOCS-1 −/− mice are smaller than control mice, certain parameters such as total marrow cell counts might be expected to be abnormally low as a non-specific consequence of the reduced size of SOCS-1 −/− mice.
Peripheral blood
In agreement with previous observations, 4 blood lymphocyte levels were abnormally low in −/− mice and this relative deficit became more obvious with increasing age. Neutrophil levels in −/− mice were variable but more than twice those in control mice (Table 1) ; eosinophil levels were abnormally low and the −/− mice had subnormal hematocrit and platelet levels. Although monocyte levels in −/− mice were within normal limits, the −/− cells were often immature with basophilic cytoplasm which frequently contained lipid vesicles. Nucleated erythroid cells can be present in low numbers in the blood of mice of this age and their frequency was often elevated in SOCS-1 −/− mice (percent ratio nucleated erythroid cells: white cells −/− mice 12.7 ± 16.0 (n = 18) vs +/+ or +/− mice 1.4 ± 1.8 (n = 17)).
Bone marrow and spleen cytology
Total bone marrow cell counts were abnormally low in SOCS-1 −/− mice, paralleling their smaller body size, and spleen weights were slightly reduced ( Table 1 ). The various subsets of cells in the −/− marrow and spleen were of normal morphology. The most obvious abnormality in both populations was a deficit in lymphocytes ( Table 2 ). Granulocytes and monocytic cells in −/− populations were present at higher frequencies, presumably as a passive consequence of the reduced numbers of lymphocytes. Counts on sections of sternal marrow indicated a normal frequency of megakaryocytes in SOCS-1 −/− mice.
Expression of SOCS-1 in marrow subpopulations
To document whether granulocytic or monocytic populations and their progenitor cells might express SOCS-1 protein and thus potentially behave aberrantly in response to stimulation by various regulators if SOCS-1 was absent, marrow cells from +/− and −/− mice were developed for ␤-galactosidase expression, then FACS-sorted. In phenotypically normal +/− mice, 4% of cells exhibited high levels of ␤-galactosidase and 16% intermediate levels ( Figure 1 ). Analysis of the morphology of these fractions showed that 91% of highly stained cells were lymphocytes ( Figure 2 ) and, similarly, the mediumstained populations were enriched for lymphocytes (82% vs 15% in unfractionated marrow). However, consideration of Table 1 Peripheral blood and hematopoietic organ parameters in SOCS-1 −/− and +/+ or +/− mice Mean values ± standard deviations from mice aged 9-19 days. Bone marrow −/− 6 ± 3 1 2± 5 2 9 ± 11 7 ± 6 1 3 ± 5 2 ± 2 3 1± 10 absolute cell numbers indicated that most +/− marrow lymphocytes were in fact ␤-galactosidase-negative, as were the majority of other cell types (Table 3) .
In contrast, as shown in Figure 1 , 31% of −/− cells were highly positive and a further 44% of cells showed intermediate levels of staining. On cytological analysis, 70% of the highly staining −/− cells were granulocytic or monocytic cells ( Figure  2 ) as were 88% of cells in the medium-stained fraction. In terms of absolute cell numbers (Table 3) , 30% of granulocytic and monocytic cells were highly stained and a further 53% medium stained.
A similar difference between +/− and −/− marrow populations was observed when progenitor cell frequencies were analyzed in cultures of fractionated cells stimulated by SCF, GM-CSF or Multi-CSF. With each stimulus, no progenitor cells were detectable in the +/− highly staining population but onethird of all progenitor cells were present in the intermediate staining fraction (Table 4 ). In fractions from −/− mice, 23-25% of all granulocyte-macrophage progenitor cells were present in the highly stained fractions and a further 8-24% were present in intermediate staining fractions.
These observations indicate that SOCS-1 is transcribed in 
Analysis of progenitor cells from SOCS-1 −/− mice
Marrow, spleen and liver populations from SOCS-1 −/− and control +/− or +/+ mice were stimulated by maximal concentrations of GM-CSF, M-CSF, Multi-CSF (IL-3), G-CSF, IL-6 or SCF and colony formation was analyzed 7 days later. As shown in Table 5 , the frequencies of blast, granulocytic, granulocyte-macrophage, macrophage, eosinophil and megakaryocytic progenitor cells in SOCS-1 −/− marrow populations were essentially normal. Similarly, the characteristic relative frequencies of various colony types developing with each stimulus were normal as were the size of such colonies and their content of maturing cells. The only anomaly seen was in cultures stimulated by M-CSF or GM-CSF in which the numbers of macrophage progenitor cells, although variable between −/− mice, were significantly higher than in control mice. Associated with this, there was also an increased frequency of macrophage cluster-forming cells, suggesting that macrophage progenitor cells had been proliferating more actively than normal in vivo. It should be noted that, despite the low eosinophil and platelet levels in SOCS-1 −/− mice, progenitor cell frequencies for these two lineages were normal. In cultures of spleen cells from −/− mice, the frequency of progenitor cells was similar to that in control spleen populations. However, in cultures of −/− liver cells the frequencies of progenitor cells were three-to six-fold higher than in control liver populations (Table 6 ). Calculation of the total body content of progenitor cells (Table 7) indicated that SOCS-1 −/− mice had only half the total numbers present in control mice, in line with their correspondingly lower body weight. However, −/− mice were distinctive in that 19-24% of all progenitor cells were in the liver, unlike the situation in control mice where only 3-4% of progenitor cells were in this organ.
Despite the normal size and cellular content of SOCS-1 −/− derived colonies in maximally stimulated cultures, cultures prepared using titrations of GM-CSF, M-CSF or Multi-CSF showed a consistent two-fold increased responsiveness of granulocyte-macrophage progenitor cells to stimulation by GM-CSF but not by either M-CSF or Multi-CSF (Figure 3 and data not shown).
Analysis of the decline in progenitor cell numbers consequent upon the progressively delayed addition of GM-CSF or SCF to cultures of marrow cells showed no differences between −/− cells and either +/− or +/+ cells. In three replicate experiments, the half-life decline in both −/− and +/− or +/+ progenitor cells in the absence of either added stimulus was 15 h (data not shown).
Responsiveness of SOCS-1 −/− progenitor cells to IFN-␥
Administration of IFN-␥ to neonatal mice has been reported to produce a fatal syndrome of fatty degeneration and necrosis of the liver with body growth retardation and thymus atrophy similar to that seen in SOCS-1 −/− mice. 8, 9 Furthermore, stud- −/− GM-CSF 32 ± 13 8 ± 5 2 4 ± 10 2 ± 2 (n = 22) M-CSF 3 ± 2 7 ± 4 6 6 ± 27 G-CSF 7 ± 4 0.3 ± 1.0 0.1 ± 0.4 Multi-CSF 0.8 ± 1.0 25 ± 9 1 3 ± 8 2 1 ± 11 4 ± 2 4 ± 3 SCF 2 ± 3 2 6 ± 10
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All cultures contained 25 000 bone marrow cells and cultures were analyzed after 7 days of incubation. Mean colony numbers ± standard deviations. G, granulocytic; GM, granulocyte-macrophage; M, macrophage; Eo, eosinophil; Meg, megakaryocyte colonies.
Table 6
In vitro colony formation by spleen or liver cells from SOCS-1 −/− and +/+ or +/− mice Organ Genotype Stimulus Number of colonies Data were calculated by combining total organ cell counts from six mice per group with the mean frequency of colony-forming (progenitor) cells detected with the various stimuli used in cultures from 10 mice per group. stimulated by GM-CSF, to which −/− cells are hyper-responsive.
IFN-␥ was also more inhibitory for macrophage colony formation by −/− cells than by +/+ cells. When Multi-CSF was used as a stimulus, lower concentrations of IFN-␥ slightly increased colony numbers and size in cultures of both −/− and +/+ cells. Again, the most evident inhibition of colony formation was in cultures stimulated by M-CSF.
The anomalous action of IFN-␥ was much more striking with granulocyte-macrophage colony formation. −/− Cells were more sensitive to inhibition by high concentrations of IFN-␥ than +/+ cells with all three regulators able to stimulate such colony formation. However, with the addition of lower IFN-␥ concentrations, colony numbers and size in cultures of −/− cells increased above those in cultures containing the stimulus alone. Peak values for enhanced colony formation were 600% using GM-CSF and 244% using Multi-CSF. Such colonies were much larger in size than other colony types, resulting in the cultures containing higher numbers of progeny cells than cultures containing the stimuli alone. In +/+ cultures stimulated by GM-CSF or Multi-CSF, no inhibition of granulocyte-macrophage colony formation was observed with the addition of IFN-␥. Over a wide range of IFN-␥ concentrations, colony numbers and cell content were much higher than in cultures containing the stimulus alone, reaching peak values of 660% with GM-CSF and 314% with Multi-CSF.
In cultures fully inhibited by IFN-␥, no clones of any size were present but with lower IFN-␥ concentrations showing partial inhibition, small clones of distorted and dying cells were present, suggesting a toxic action of IFN-␥ on developing colony cells. However, the striking differences in the response to IFN-␥, seen most obviously with macrophage colony formation, depending on the stimulus used ( Figure 5 ), suggest strongly that IFN-␥ signaling did not have a simple direct toxic action on colony cells. The survival and proliferation of progenitor cells in vitro is dependent on continuous signaling elicited by one or other growth factor. Because the effects observed were dependent on the growth factor in use, it seems more likely that IFN-␥ was acting indirectly to cause failure of proliferation and colony cell death by selectively interfering with the necessary signaling from the particular growth factor/receptor system in use.
Discussion
Mice lacking the SOCS-1 protein develop a complex pattern of hematopoietic abnormalities. There is a profound reduction in T-lymphocyte populations in the thymus, not so evident in peripheral lymphoid organs, and marked reduction in Blymphocyte populations in the marrow, spleen and blood, 4, 5 a moderate elevation in blood granulocytes, a deficit in blood eosinophils, and a moderate anemia and thrombocytopenia. These hematopoietic changes are coupled with a consistent excess number of immature granulocytes and monocytes in the liver and a relatively consistent infiltration by the same cells of the lung, heart, pancreas and skin. 4 In the present study, attention was concentrated on granulocyte-macrophage populations which are present in excess numbers and might possibly be behaving in an aberrant manner in multiple non-hematopoietic tissues.
An analysis using lacZ expression in +/− and −/− marrow cells indicated that in phenotypically normal +/− mice, transcription of SOCS-1 was detectable at a low level in approximately one-third of granulocyte-macrophage progenitor cells. This provided a rationale for an exploration of the possible consequences of lack of expression of SOCS-1 in these populations in −/− mice. The situation was different in −/− mice in that attempted transcription of SOCS-1 mRNA was occurring in half of these progenitors and most of their maturing progeny cells. The basis for this attempted transcription might have been an attempt to restore normality in the affected cells or a response to abnormal cytokine signaling in the SOCS-1 −/− mice. However, a more direct explanation may be that, because SOCS-1 protein inhibits cytokine-induced transcrip-tion of SOCS-1 mRNA, 3, 10 in its absence in −/− mice, a dysregulated attempted overtranscription of SOCS-1 mRNA occurs. If this latter explanation is correct then normal maturing granulocytes and monocytes are likely to actually express SOCS-1 but at levels below detectability with the method used. Whatever the mechanism involved, a significant proportion of granulocyte-macrophage progenitor populations express SOCS-1 and, in its absence, such cells might be expected to exhibit some observable differences in their intrinsic behavior when analyzed in vitro.
In view of the consistent excess of granulocytes and macrophages in various organs of the SOCS-1 −/− mice, it was unexpected to observe no striking numerical abnormality in marrow populations of granulocyte-macrophage progenitor cells. The only exception was seen in cultures stimulated by M-CSF, and to a lesser degree by GM-CSF, where cultures of SOCS-1 −/− cells revealed higher numbers of macrophage progenitor cells and their cluster-forming immediate progeny. The −/− liver consistently contained elevated numbers of granulocytemacrophage progenitor cells, in agreement with the immature nature and mitotic activity of the granulocytic and macrophage populations in the diseased liver. Calculation of the total numbers of progenitor cells suggested that the liver in SOCS-1 −/− mice contained up to 25% of the total body GM progenitor cells unlike the 3-4% in normal livers. The granulocyte-macrophage populations in the −/− liver increased progressively from birth, indicating either local proliferative activity or seeding of cells from the marrow (or both). It was noteworthy, in view of the peripheral blood eosinopenia and thrombocytopenia, that eosinophil and megakaryocyte progenitor cells were present in normal numbers in −/− marrow populations.
The striking feature of SOCS-1 −/− bone marrow cultures was the overall normality of colony numbers, size, shape and cellular maturation. Furthermore, the relative frequencies of the various subtypes of colonies were as expected with the different stimuli used. This implies that the absence of SOCS-1 had no obvious impact on the ability of granulocyte-macrophage and other progenitor cells to respond to stimulation, by the regulators tested, with appropriate proliferation and maturation.
More detailed analysis did reveal abnormal features in the behavior of −/− granulocyte-macrophage progenitor cells. Overexpression of SOCS-1 suppresses signaling from the gp130 receptor chain in M1 leukemic cells.
1 Overexpression of SOCS-1 also suppresses the ability of stem cell factor to stimulate cell proliferation in SCF-responsive hematopoietic cell lines. 11 Loss of SOCS-1 protein might have been expected therefore to result in hyper-responsiveness to cytokine stimulation involving various receptor chains. This was in fact observed with GM-CSF but not with M-CSF or Multi-CSF (IL-3). This suggests that the SOCS-1 protein may not directly modulate quantitative responsiveness to signaling from the M-CSF receptor. 12 In the case of signaling by IL-3, murine cells express a second ␤ receptor chain for IL-3 which is used in preference to the ␤ chain shared in common with GM-CSF. 13 Again, it may be that SOCS-1 protein has little modulating action on signaling from the private IL-3 ␤ receptor chain. Unfortunately the frequency of IL-6-responsive progenitor cells in neonatal mice was too low to allow an analysis of quantitative responsiveness to IL-6, an agent whose actions in M1 leukemic cells is blocked by overexpression of SOCS-1. 1 However, IL-6 stimulation did result in some colony formation by −/− marrow cells and these colonies appeared normal in morphology.
Extensive studies have documented that IFN-␥ has inhibitory effects in cultures of marrow cells on colony formation by progenitor cells of various types. [14] [15] [16] [17] [18] However, these did not make a detailed comparison of the various subsets of granulocyte-macrophage progenitor cells and did not explore the actions of IFN-␥ in cultures using the full range of relevant stimulating factors. The most notable anomaly observed in the present studies with −/− granulocyte-macrophage progenitor cells was their heightened sensitivity to the inhibitory action of IFN-␥, particularly when M-CSF was used as the stimulating factor. These anomalies presumably indicate abnormal intrinsic behavior in the cells as a consequence of lack of SOCS-1 protein. This could imply that SOCS-1 protein is a negative regulator in normal progenitor cells of signaling from the IFN-␥ receptor. It is known from studies on M1 leukemic cells that overexpression of SOCS-1 blocks the ability of IFN-␥ to induce differentiation 1 and IFN-␥-induced activation of JAK1 and 2 and STAT-1. 19 Although lack of SOCS-1 did not alter proliferative responses to M-CSF, it did render M-CSF-responsive cells hypersensitive to suppression by IFN-␥. This implies that, in the absence of the modulating action of SOCS-1, signals from the activated IFN-␥ receptor may suppress signals from the M-CSF receptor.
This heightened sensitivity of −/− cells to IFN-␥ is of potential relevance because IFN-␥ has been implicated as a key agent in disease development in neonatal mice 8, 9 (RS, WSA, DJH, DM, unpublished data). Current experiments have not documented excess IFN-␥ production by SOCS-1 −/− tissues, which implies that certain −/− cell types must be responding aberrantly to IFN-␥. The SOCS-1 mouse is certainly not depleted of mature granulocytes or macrophages. On the contrary, it contains excess numbers of these cells, so a finding in vitro of increased sensitivity of −/− progenitor cells to inhibition by IFN-␥ is the opposite of what might have been expected. It may be, however, that lack of SOCS-1 in mature macrophages and granulocytes results in their more ready activation and/or extended persistence in tissues following stimulation by IFN-␥.
Whether the invading −/− macrophages and granulocytes induce damage in parenchymal organs or are merely responding to the presence of organ damage should be able to be clarified by transplanting −/− marrow cells to normal recipients. Such experiments cannot yet be performed because of the non-inbred nature of the present SOCS-1 mice.
The present studies have provided evidence for intrinsic abnormalities in hematopoietic cells lacking SOCS-1 protein. However, they have not excluded the additional possibility that the deficiencies in T-and B-lymphocytes and the aberrant behavior of other hematopoietic populations in SOCS-1 −/− mice may, in part, be the indirect consequence of cytokine or hormonal abnormalities arising because of liver and other parenchymal cell damage.
